markedly increased OS, complications associated with neuro-axis irradiation are a signifi cant source of treatment-associated morbidity and mortality. Multiple studies have demonstrated a dose-dependent decline in neurocognitive function after whole-brain RT, with more serious defi cits seen in younger patients. Other late serious complications attributable at least in part to RT include abnormalities in growth and development, endocrine dysfunction, hearing defi cits, visual disturbances, cardiovascular toxicity, gonadal dysfunction, and radiation-induced secondary malignancies.
In light of the risk of late effects following adjuvant CSI, the standard of care for medulloblastoma has continued to evolve since the 1950s, with gradual shifts towards dose reduction and changes aimed at minimizing treatment-related toxicity while maintaining comparable OS. Thus, longterm follow-up for patients with medulloblastoma is critical not only in evaluating treatment effi cacy, but also in evaluating possible means of improving quality of life and avoiding serious complications.
The aim of this study is to review survival outcomes for a single-institution cohort of pediatric patients and evaluate the range of long-term sequelae after CSI for medulloblastoma.
Material and methods
Under institutional review board approval, we conducted a review of pediatric patients 18 years of age or younger with histologically-proven primary medulloblastoma who received adjuvant photon RT with curative intent at our institution. Patients who were treated with palliative intent or presented with overt metastatic disease were excluded from this study. The minimal potential follow-up was fi ve years. We identifi ed 53 patients treated between October 1963 and December 2008 who met the inclusion criteria for analysis. Patient characteristics are summarized in Table I . There were 15 (28%) females and 38 (72%) males. The median patient age at diagnosis was 7.1 years (range 1.2 -18.5 years). Forty-eight patients (91%) were white and fi ve (9%) were black.
Disease stage according to the Chang guidelines for M staging of medulloblastoma were as follows: M0 stage, 50 patients; M1 stage, three patients. At the time of diagnosis, 45 patients (85%) had confi rmed hydrocephalus. Four patients had other notable medical conditions, including (one of each) coarctation of the aorta, Gorlin ' s syndrome, Hashimoto ' s thyroiditis, and a patent ductus arteriosus at the time of diagnosis. Gorlin ' s syndrome has a well-known association with medulloblastoma due to an inherited protein patched homolog (PTCH) gene mutation. 
Treatment
All patients in this study underwent primary surgery and postoperative RT. Assessment of the extent of resection was based on available operative notes, postoperative magnetic resonance imaging (MRI) reports, and clinic notes from treating physicians. Subtotal resection (STR) was defi ned as more than 1.5 cm 2 of residual disease, while near total resection (NTR) was defi ned as residual tumor measuring less than 1.5 cm 2 . Gross total resection (GTR) was defi ned as complete macroscopic tumor resection. When available, the surgeon ' s assessment of the extent of resection in the operative note was confi rmed by the fi ndings on postoperative MRI. After initial surgery, 19 patients (36%) had a GTR, nine patients (16%) had an NTR, and 25 patients had an STR (47%). Of note, one patient who had an STR underwent a second-look surgery one week after initial surgery to achieve a GTR. RT dosing strategies varied considerably among treatment eras. In the early era, radiation was Late toxicity after radiation for medulloblastoma 473 delivered daily to moderately high CSI doses in the absence of chemotherapy. Radiation dose and intensity was then modifi ed though hyperfractionation. When concurrent chemoradiation was introduced, daily fractionation with lower total radiation doses were the norm. Across all patients in this study, the median total RT dose was 54 Gy (range 42. , with a median initial CSI dose of 28.8 Gy (range 21.8 -38.4 Gy) and a median posterior fossa or tumor bed boost of 25 Gy (range 14.1 -38.4 Gy). The median time interval between surgery and the start of RT was 20 days (range 5 -160 days). The median RT treatment duration was 45 days (range 30 -65 days). The median time interval from surgery to the completion of RT was 69 days (range 42 -217 days). The disparity in time intervals between surgery and the start or completion of RT depended on whether the patient received pre-RT chemotherapy as well as the presence of postoperative sequelae requiring convalescence before initiating RT. The patient with the longest time interval from surgery to the end of RT was three years old at initial presentation and received neoadjuvant MOPP (mustargen, oncovin, procarbazine, and prednisone), cisplatin, vincristine (VCR), and etoposide prior to receiving adjuvant RT. Most patients (81%) received once-daily RT, while seven patients had twice-daily treatment and three patients had combined once-and twice-daily treatment. All patients were treated with cobalt-60 (n ϭ 4) or linear accelerator-based photon therapy.
All patients in the series had a histologicallyconfi rmed diagnosis of medulloblastoma; historically the pathology reports did not consistently include a more specifi c subclassifi cation. Six patients had confi rmed desmoplastic histology, one had anaplastic histology, and 46 had a classic or unknown subtype. Chemotherapy regimens also varied considerably among treatment eras. In total, 21 patients (39.6%) received chemotherapy in addition to surgery and RT; however, only two patients treated before 1990 received chemotherapy. The most common chemotherapy regimens were as follows: concurrent VCR with adjuvant VCR, lomustine, and cisplatin Ϯ adjuvant etoposide/cytoxan (n ϭ 6); or neo-adjuvant etoposide and cisplatin Ϯ adjuvant VCR/cytoxan (n ϭ 5); or concurrent VCR with adjuvant VCR, cytoxan, cisplatin Ϯ adjuvant etoposide/carboplatin (n ϭ 2). Less than 5% of patients received heterogeneous chemotherapy regimens that involved MOPP, adriamycin, and lomustine. Six patients received neoadjuvant chemotherapy, 12 patients received concurrent chemotherapy, and 18 patients received adjuvant chemotherapy (because many patients received chemotherapy spanning treatment phases, the number of regimens listed exceeds the total number of patients who received chemotherapy).
Follow-up
After informed consent to participate in the study was obtained, patients were interviewed using an informal script. Patients or caretakers were questioned about various quality-of-life measures, including their learning abilities, ability to maintain employment, or ability to live and care for themselves independently. The telephone interview included an evaluation of the presence of common sequelae in children treated with RT for medulloblastoma, including but not limited to the following: hearing defi cits, cognitive impairments, visual disturbances, endocrine dysfunction, cerebrovascular complications, seizures, and secondary malignancy development. Inquiries were made regarding follow-up with physicians and specialists for areas such as vision, hearing, neurocognition, neuroendocrine, cardiac, and reproductive issues.
Serious complications were defi ned as any complication classifi ed as grade 3, 4, or 5 as defi ned by the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), version 4.0. In general grade 3 complications are serious, medically signifi cant, but not life threatening, grade 4 complications require urgent intervention and may be life-threatening, and grade 5 toxicities lead to death.
SAS and JMP software were utilized for all statistical computations (SAS Institute, Cary, NC, USA). The Kaplan-Meier product limit method provided estimates of OS, cause-specifi c survival (CSS), progression free survival (PFS).
Results

Outcomes
The median follow-up from diagnosis was 15.4 years (range 0.4 -44.4 years), with a median follow-up of surviving patients of 24.0 years (range 5.6 -44.4 years). There were 34 surviving patients at the time of the analysis. Two patients were lost to follow-up at 13.3 and 36.3 years; three patients were confi rmed to be alive with no evidence of disease (NED) via our institution ' s tumor registry and/or a certifi ed letter; and we were able to contact 29 patients by phone for follow-up. For the entire group, the actuarial fi ve-and 10-year PFS rates were 75% and 71%, respectively. CSS and OS rates were the same at fi ve and 10 years: 74% and 67%, respectively ( Figure 1 ).
Acute toxicity
Acute toxicities recorded during the course of RT most frequently included nausea and vomiting in 34 ACTH, adrenocorticotropic hormone; TIA, transient ischemic attack. Note: Since many patients experienced more than 1 grade 2 ϩ complication, the total number of complications exceeds the total number of patients. * One patient had radiotherapy-induced serous otitis media leading to loss of hearing in the ipsilateral ear; * * This patient had radiotherapyinduced radionecrosis. Surgery for radionecrosis resulted in right-sided homonymous heminanopsia.
patients (64%), which was usually mild or controlled with medication. Two patients had serious nausea and vomiting accompanied by anorexia, refractory to antiemetics and requiring nasogastric enteral support. Other acute toxicities reported during treatment were uncommon and mild, including dry mouth, headache, mucositis, and back pain.
Late toxicity
Analysis of late treatment toxicities includes only data from the 39 patients (73.6%) surviving over fi ve years after initial surgery. Grade 1 toxicity was not recorded. Late treatment toxicities are summarized in Table II . The most commonly reported sequela was growth suppression in 24 patients (61.5%). There was insuffi cient information in the medical records to formally grade the growth suppression according to CTCAE guidelines. These patients had medical records indicating a reduction in growth velocity or decreased percentile compared to a prior growth curve, or they claimed notable short stature compared to siblings and expected height. A total of 10 long-term survivors reported having received growth hormone supplementation (25.6%).
Cognitive impairment was reported by 49% (N ϭ 19) of long-term survivors. Problems included diffi culty learning, poor concentration, poor memory, and antisocial behavior. Hearing loss was reported in 39% (N ϭ 15) of patients. Hypothyroidism requiring hormone replacement was reported in 21% (N ϭ 8) of long-term surviving patients; all affected patients were euthyroid on levothyroxine therapy. Other late effects included adrenocorticotropic hormone defi ciency, osteoporosis, encephalopathy, low testosterone, cataracts, mineralizing microangiopathy, ataxia, facial nerve palsy, muscle weakness, fertility issues, and radiation-induced serous otitis media.
Serious treatment toxicity
Sixteen patients (41% of long-term survivors) had serious complications after treatment, which could be attributed at least in part to RT. The CSI dose delivered was greater than 23.4 Gy in 94% (15 of 16) of patients with serious late sequelae. More than half (56%) of the 16 patients with serious complications had more than one grade 3 ϩ complication. Seven of the long-term survivors with serious late Acta Oncol Downloaded from informahealthcare.com by Selcuk Universitesi on 12/26/14
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sequelae also received chemotherapy during initial treatment, and all of their regimens included cisplatin. Table III shows all grade 5 complications (deaths related to treatment).
The most common serious late complication was grade 3 hearing loss requiring medical intervention, which occurred in 20.5% (8/39) of long-term survivors. Four patients (50%) with grade 3 hearing loss were treated with chemotherapy, including cisplatin, and now require hearing aids. One of these patients developed unilateral hearing loss attributed to radiationinduced serous otitis media and sensorineural hearing loss. Another patient had unilateral hearing loss due to osteoradionecrosis of the temporal bone.
Eighteen percent (7 of 39) of the long-term survivors reported grade 3 cognitive impairment, indicating they were incapable of independent living. Six were age 7 or younger at the time of RT, while one child was 11 years old at the time of RT. Commonly reported indications for adult children living with their parents included emotional liability and behavioral dysfunction as well as extreme short-term memory impairment and inability to maintain employment. Of these seven patients, three individuals have serious cognitive impairment and behavior requiring placement in a long-term care facility and/or nonresidential healthcare facility. Various non-skin secondary malignancies developed in four patients (10% of long-term survivors). Two patients developed meningiomas requiring surgical excision at 8.7 and 11.9 years after RT. One patient developed a frontal meningioma 13.7 years after treatment that has not required surgical intervention. One patient developed a rhabdomyosarcoma in the right nasal cavity 6.4 years after treatment for medulloblastoma. This tumor was successfully treated with RT and chemotherapy. One patient developed a glioblastoma multiforme (GBM) 14.4 years after RT. The GBM was treated with RT and cetuximab. This patient died within a year of diagnosis of the GBM.
Three patients developed radionecrosis. The fi rst patient developed osteoradionecrosis of the temporal bone 1.8 years after RT associated with injury of cranial nerve VIII. Despite hyperbaric oxygen treatments and surgical intervention, the patient ultimately lost hearing in the ipsilateral ear. A second patient developed radionecrosis of the left occipital lobe 2.8 years after treatment and required surgery, which was complicated by the development of right homonymous hemianopsia. A third patient developed radionecrosis involving the cerebellum 1.5 years after completing RT and ultimately succumbed to cerebellar degeneration.
Two patients in our series experienced serious (grade 3 ϩ ) cerebrovascular long-term sequelae. One patient suffered a right medullary infarct at the Reductions in CSI dose and boost-tumor volume over the last fi ve decades have not compromised disease control as evidenced by our survival rates, which are similar to those in the published literature [3] . With high fi ve-and 10-year survival rates in M0/M1 children, studies are shifting focus to minimizing long-term sequelae related to high-dose radiation.
Neurocognitive impairment
The detrimental effects on quality of life for patients and caretakers due to cognitive impairment warrant studies into dose reduction and minimizing toxicity. In our cohort, nearly 20% of patients surviving their disease for over fi ve years experienced serious cognitive impairment.
Abundant data correlate medulloblastoma treatment with a decline in neurocognitive function [1, 6, 7] . Late neurocognitive dysfunction is attributed to whole brain irradiation, and it is expected that defi cits in decision making and memory are related to irradiation of the frontal and temporal regions [6] . Armstrong et al. assessed region-specifi c radiation dose and self-reported neurocognitive function of 818 patients, and found that patients receiving a dose of Ն 30 Gy to the temporal region were at an increased risk of memory impairment.
There is also a strong correlation of young age at the time of RT with more serious late cognitive impairments [7] . The immature brain is more susceptible to neurocognitive impairments induced by radiation. A prospective, longitudinal study of 111 patients by Mulhern et al. found young age at diagnosis ( Ͻ 7 years old) to be the most prominent risk factor for developing neurocognitive impairment for medulloblastoma patients.
There is literature supporting the notion that a child who presents with hydrocephalus might experience poorer neurological outcomes [8] . While we were able to confi rm that many of the children in our cohort did experience hydrocephalus, our raw data is inconclusive: three of eight (37%) children without hydrocephalus had grade 3 ϩ toxicity and four of 45 (9%) children with hydrocephalus experienced similar morbidity. These values failed to reach statistical signifi cance (p ϭ 0.2878). Hydrocephalus likewise was not specifi cally associated with neurocognitive impairment.
Although age at treatment with RT increases the risk of neurocognitive impairment, this risk is present for all patients treated with CSI. A longitudinal study on 20 survivors of medulloblastoma also showed a continued decline in working memory as time from diagnosis progressed. These fi ndings suggest that the cognitive impairments due to RT may lead to a age of 30 years old, 23.7 years after CSI. This patient was unable to maintain employment and required assistance from his parents at the time of this analysis. A second patient had multiple transient ischemic attacks at age 29 years old, 20.5 years after treatment, and then was subsequently diagnosed with a fusiform basilar artery aneurysm at the age of 43 years old, 34.5 years following treatment. No patients developed a grade 3 or higher cardiac toxicity. Only one patient developed grade 2 cardiac toxicity, asymptomatic myocardial infarction detected on electrocardiogram before he reached 45 years old. One patient developed serious ataxia including progressive loss of coordination and dysarthria 20 years after RT, attributed to treatment and affecting instrumental activities of daily living and employment. Seizures refractory to oral medication have been reported by one individual, with seizures beginning 19.4 years after treatment for medulloblastoma. This patient was unable to maintain employment because of the frequency and severity of seizures.
Table IV outlines these various serious complications stratifi ed by time to occurrence. Over the last fi ve decades, the CSI dose and posterior fossa boost target volume have been incrementally reduced in M0 patients. Despite the intent of decreased treatment volume and decreased total CSI dose, there was no clear trend showing decreased toxicity among patients with more modern treatment plans.
Despite many patients reporting grade 2 or higher late toxicities from their medulloblastoma treatment, most patients rated themselves as healthy during phone interviews. Although we did not objectively evaluate quality of life using a validated questionnaire, the majority of patients contacted were able to complete high school and most patients are able to maintain professional level employment.
Discussion
Late sequelae
As survival rates for medulloblastoma continue to improve with time, observation and long-term follow-up of late sequelae are imperative. We have become especially familiar with long-term side effects in children treated with CSI. Few studies have longterm follow-up over 10 years [3] . Our study has a 15-year median follow-up for all patients and 24-year median follow-up of surviving patients, allowing for thorough examination of late toxicity.
Furthermore, many studies focus on one or two long-term complications, such as hearing loss [4] or endocrine and cardiac defi ciency [5] . This study comprehensively examined multiple organ systems and potential associated late complications of therapy.
continuous decline in neurocognitive function for even adult survivors of medulloblastoma.
The median age at the time of RT for the seven patients in our study who developed grade 3 neurocognitive impairment was 5.4 years old which was not signifi cantly younger than the median age of children without cognitive impairments (p ϭ 0.0877). Our data were unable to show a signifi cant difference, but suggests a trend that is consistent with fi ndings in other studies that younger children will develop neurocognitive impairment following RT more frequently than older children. The sample size of our population with severe cognitive impairment was small (n ϭ 7), which may be why it fails to differentiate between median age between the groups.
Ototoxicity
Polkinghorn et al. retrospectively studied radiation ototoxicity in 33 children treated for medulloblastoma between 1999 and 2007. The study had a median follow-up of 19 months, and 6% of their patients developed serious grade 3 hearing loss warranting intervention [4] . Our study has longer median follow-up, with 20.5% (eight of 39 patients) of those patients who survived over fi ve years developing grade 3 hearing defi cits. Of note, this cohort includes patients treated with older RT techniques and many of our patients did not receive ototoxic chemotherapy.
Endocrine defects
RT can damage the pituitary gland, thyroid, and hypothalamus in patients treated for medulloblastoma, resulting in endocrine defects [1, 5] . Growth hormone defi ciency is the most common endocrinopathy in patients treated for medulloblastoma, resulting in short stature as a common sequela [1] . In long-term survivors of our study, subjective short stature was reported in 24 of 39 patients (61.5%). Only 10 patients reporting short stature also reported growth hormone replacement therapy, which may indicate the subjective nature of these data or suboptimal intervention. Direct radiation to the vertebral column can also contribute to growth suppression [1] . The relationship between age at the time of RT and subsequent changes in growth hormone level is unclear [1] , but it does appear that age at the time of RT infl uences vertebral body growth rate, likely due to direct effects of radiation on bone structure.
Primary or central hypothyroidism may develop after CSI [9] . The exit dose of spinal axis RT may damage the thyroid directly, or RT to the hypothalamic-pituitary axis may result in central hypothyroidism. Paulino et al. evaluated thyroid function in 32 patients treated with CSI for medulloblastoma and found that after a median follow-up of 41 months, 56% of patients developed hypothyroidism. The study by Paulino has a higher rate of hypothyroidism than our own study, but this may be owing to the fact that those authors did not differentiate between grade 1 (observed defi ciency on blood labs only) and grade 2 hypothyroidism (low lab values warranting thyroid replacement therapy). In that study, younger age at treatment and chemotherapy correlated with a higher incidence of hypothyroidism.
Radionecrosis
Our study includes three cases of reported necrosis: one case of osteoradionecrosis and two cases of brain necrosis. All cases occurred between one and three years after treatment. Murphy et al. retrospectively reviewed the medical records of 236 children treated between 1996 and 2009 for medulloblastoma or other CNS embryonal tumors treated with postoperative RT and adjuvant chemotherapy including cisplatin, vincristine, and cyclophosphamide. The study had a median follow-up of 52 months, with eight cases (3.4%) of reported necrosis, including one death. Murphy et al. concluded that the volume of infratentorial brain receiving RT doses of Ͼ 50 Gy, Ͼ 52 Gy, and Ͼ 54 Gy is predictive of necrosis [10] .
Secondary malignancies
Secondary malignancies are among the most serious long-term sequelae in children treated for childhood brain tumors. Long-term follow-up beyond 10 years is vital to accurately characterize the incidence rate [1] . The relative risk for secondary malignancies in medulloblastoma has been calculated between 4.59 and 20 [11 -13] , and does not plateau or decline after 10 years [12] . Children treated for medulloblastoma may experience a variety of secondary malignancies including leukemias and solid tumors of the urinary or digestive tracts, thyroid, and CNS [11] .
Non-skin malignancies in this cohort include fi ve secondary malignancies in the RT fi eld including one nasal cavity rhabdomyosarcoma, one GBM, and three meningiomas, diagnosed between 6.4 and 14 years after initial treatment, respectively. A Surveillance, Epidemiology, and End Results (SEER) Program study done by Strodtbeck et al. on secondary malignancy after RT for medulloblastoma or primitive neuroectodermal tumors demonstrated that secondary brain malignancies can be diagnosed as early as one year to over 10 years after initial treatment [11] . Case reports have documented second tumors arising up to 35 years after initial treatment for medulloblastoma [14] . These fi ndings highlight the importance of lifelong follow-up for patients treated with CSI for childhood brain cancers.
Cerebrovascular toxicity
The most common radiation-induced vascular alterations are thrombosis and occlusive cerebrovascular changes, and less often radiation results in aneurysm formation. It is hypothesized that occlusive vasculopathy and aneurysms form as a result of radiationinduced endothelial damage. A study of 1817 childhood brain tumor survivors demonstrated that cranial radiation doses of Ͼ 30 Gy lead to an increased risk of stroke [15] .
In our study, two patients experienced cerebrovascular toxicity. One patient developed a right medullary infarct after whole-brain irradiation to 30 Gy as management for his medulloblastoma. The second patient developed a fusiform basilar aneurysm and multiple transient ischemic attacks. This second patient was treated with 40 Gy to the whole brain. The high whole-brain doses in these patients with cerebrovascular toxicity are consistent with fi ndings from Bowers et al. regarding dose-dependent relationship of late cerebrovascular events.
Benson et al. report on three cases of RT-induced aneurysms following treatment for pediatric medulloblastoma, all which ended in rupture and death nine to 19 years after RT treatment [16] . Case reports like this demonstrate that cerebrovascular changes after CSI are a rare yet potentially devastating late effect.
Cardiovascular disease
Based on the frequency of cardiac events in Hodgkin lymphoma survivors, we hypothesized that patients might experience cardiac toxicity from CSI treatment because of the radiation exit dose. In this study, only one patient developed cardiac toxicity, with an asymptomatic grade 2 myocardial infarction detected on electrocardiogram.
In a large study by Gurney et al. of endocrine and cardiovascular late events for survivors of childhood brain tumors, there were two cases of arrhythmias reported and 35 cases of angina-like symptoms in a cohort of 343 patients treated with RT for medulloblastoma or primitive neuroectodermal tumors [5] . There is little published data on cardiac toxicity after treatment for medulloblastoma.
Mulrooney et al. retrospectively evaluated a large cohort of survivors of pediatric cancer compared with sibling controls, and found that cardiac irradiation Յ 15 Gy did not signifi cantly increase the hazard ratio of heart failure and myocardial infarction in patients treated with radiation compared to those who did not receive radiation. Another study on cardiovascular death in patients treated with RT for childhood cancers calculated a risk ratio of 12.5 for cardiovascular death due to RT (95% CI 1.4 -116) for doses ranging from 5 to 14.9 Gy [17] . While these data demonstrate that cardiovascular toxicity can develop in children treated with RT, they do not specifi cally address the risks of CSI and late cardiac sequelae.
Limitations
Limitations of the current study are similar for all retrospective studies involving rare tumors. Namely, the fi ndings from our study are hypothesisgenerating and cannot prove a causal relationship. The relatively small number of patients and events prohibit a formal statistical analysis. To provide the long-term follow-up data, the study includes patients treated over fi ve decades; therefore, staging and treatment heterogeneity across treatment eras is inevitable. For example, most of our patients (58%) were treated before 1991 when chemotherapy was not the standard of care. As the standard of care has evolved over the decades so too has the late-effect profi le for medulloblastoma survivors. Increasing use of chemotherapy regimens and lower radiation doses yield higher rates of late toxicities, such as acute leukemias, myelosuppression, and chronic peripheral neuropathy. Yet despite this study ' s limitations, it provides unique insight into sequelae caused by craniospinal RT in medulloblastoma patients decades following treatment.
Future developments
The study limitations outlined above illustrate that future interventions intended to reduce radiation toxicity in patients with medulloblastoma should ideally be guided by prospective studies. To this end, our institution is currently participating in national protocols, such as Children ' s Oncology Group ACNS0331, a randomized study for patients with standard-risk medulloblastoma that evaluates lowerdose CSI and a smaller boost target, and SJYC07, a risk-stratifi ed study under which infants with standard-risk medulloblastoma receive high-dose methotrexate-based chemotherapy followed by focal radiation alone. Newer studies, such as SJMB12, offer a risk-adapted approach to craniospinal RT based on molecular subgroup. We also offer all pediatric patients with medulloblastoma enrollment on a prospective institutional study designed to systematically assess the reduced acute and late toxicity in children treated with proton therapy. Meticulously monitoring toxicities is especially important, as proton therapy may reduce the endocrinopathy, vasculopathy, neurotoxicity, ototoxicity, and second CNS malignancies observed in our historic cohort [18 -23] . Various authors also cite decreased cardiac and pulmonary toxicities, and a reduced risk of non-CNS second malignancies, as indications for proton therapy in patients requiring CSI [18,24 -26] . While these benefi ts are evident from a dosimetric standpoint, our data did not show an increased incidence for these complications, and thus longer follow-up might be required to evaluate the absolute potential benefi t of proton therapy in these areas.
Conclusion
As treatment for medulloblastoma continues to improve OS and outcomes, long-term evaluation of patients is critical. The numerous secondary effects of RT may develop over decades and these patients will require lifelong specialized medical care. Further prospective studies investigating how to minimize late sequelae will be important in improving the quality of life of long-term survivors.
While there were signifi cant reductions in CSI dose and boost target volume over the length of this study, we have not observed a defi nitive correlative decrease in serious toxicity in the modern era. Ongoing institutional and cooperative group efforts to minimize radiation exposure are justifi ed given the high rate of serious toxicity observed in these long-term survivors. For survivors of pediatric medulloblastoma, the value of long-term follow-up clinics and continuity of multidisciplinary medical care is indisputable.
